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Experimental glomerulonephritis in the rat: structural and
functional observations. In the present study, data are presented
on the method of production, the morphologic characteristics
and the functional patterns of experimentally induced bilateral
glomerulonephritis in the rat. The histologic picture was
variable. Glomerular capillary wall thickening and proliferation
were both present, and a linear staining pattern was observed
with immunofluorescent techniques. There was considerable
diversity of anatomic involvement among the constituent
glomeruli of any kidney. Functionally, total kidney glomerular
filtration rate (GFR) varied from levels which were only
moderately diminished to values less than l0% of normal. The
animals were proteinuric and hypoalbuminemic, but the only
rats in which positive sodium balance was observed were those
with the lowest GFR. The morphologic heterogeneity was
paralleled by a wide spread in values for single nephron GFR
and proximal tubular transit times. However, values for filtra-
tion fractions and fractional sodium excretion were closely
comparable in the two kidneys of individual rats; and fractional
water reabsorption in superficial nephrons demonstrated a
tendency for the maintenance of uniform glomerulotubular
balance among the constituent nephrons.
Glomérulonéphrite expérimentale du rat: Observations concer-
nant la structure et Ia fonction. Dans ce travail sont présentés Ic
mode de production, les caractères morphologiques et les
modalités fonctionnelles d'une glomérulonéphrite bilatérale
expérimentale du rat. L'image histologique est variable.
L'épaississement du capillaire glomérulaire et Ia proliferation
sont tous deux presents Ct un dépôt linéaire a été observe au
moyen de l'immunofluorescence. II y a une diversité con-
sidérable de l'atteinte anatomique des constituants gloméru-
laires dans un rein. Le debit de filtration glomérulaire (GFR) du
rein entier vane de valeurs a peine abaissées a moms de 10% de
Ia normale. Les animaux sont protéinuriques et hypoalbumi-
némiques, mais les seuls rats dont Ic bilan de sodium est positif
sont ceux dont les GFR sont les plus bas. L'héterogénéite
morphologique est traduite par une dispersion importante des
valeurs de GFR des néphrons individuels et des temps de
transit. Cependant les valeurs de Ia fraction filtrée et de l'ex-
crétion fractionnelle de sodium sont très comparables pour les
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deux reins d'un même rat. Ja reabsorption fractionnelle de l'eau
dans les néphrons superficiels montre une tendance au maintien
d'un niveau uniforme de balance glomerulo-tubulaire dans ces
divers néphrons.
Much of the information about the functional
characteristics of the chronically diseased kidney has
arisen from studies performed on animals with ex-
perimentally induced renal disease [1]. A great
majority of the data has, however, been obtained
from animals with lesions which do not preferentially
affect the glomeruli. Yet, glomerular diseases are
generally regarded as the most common forms of
chronic progressive renal disease in man [2]. Detailed
studies have been performed on patients with chronic
glomerulopathies and the general patterns of function
and the level of functional organization correspond
closely to the patterns observed in nonglomerular
diseases [3]. However, the availability of an experi-
mental model with a progressive glomerulopathy
could allow for examination of the relative patterns of
function in the individual kidneys of the same animal
and of the individual nephrons of the same kidney.
In the present studies, a lesion has been produced in
rats which has morphologic and immunofluorescent
characteristics resembling those seen in spontaneous
glomerular disease in man. The micropuncture data
demonstrate both differences and similarities between
the function of individual nephrons in this lesion and
the nonglomerular lesions previously studied. An
important difference relates to the fact that in non-
glomerular lesions, lower values for total glomerular
filtration rate (GFR) are associated with elevated
values for single nephron GFR (SNGFR) [4, 5]. In the
present model, animals with more severe lesions (i.e.,
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greater reductions in GFR) had lower values for
SNGFR. On the other hand, this glomerulopathy,
like the nonglomerular lesions, appeared to have a
composite population of functioning nephrons charac-
terized by relative homogeneity of glomerulotubular
balance.
Methods
A form of experimental nephrotoxic nephritis was
induced in Sprague-Dawley rats by using antibodies
which intensified the "autologous" phase of the
lesion. Anti-rat glomerular serum was made in goats
by using the method of Krakower and Greenspon [6].
Fig. 1. A, Low power view of a kidney
from an animal with mild impairment of
glomerular filtration rate (Cm= 1.4 rn/I
mm). There is an accentuation of lobula-
tion and rather uniform involvement of
the glomeruli (hematoxylin-eosin, x 55).
B, High power view of a glomerulus from
the same kidney. Basement membrane
thickening and mesangial sclerosis are
present (hematoxylin-eosin, x 260).
Two to three intravenous injections, each containing
approximately 6 mg of antibody nitrogen, were given
at five- to seven-day intervals (heterologous phase).
Ten to twelve days later, the rats received an injection
of rabbit anti-goat gamma globulin serum containing
about 0.5 mg of antibody nitrogen and this was
repeated four to six days later. These latter injections
are analogous to the "autologous" phase of induction
of this kind of glomerulopathy and resulted in
moderate to severe chronic lesions in most animals.
All experimental data reported herein were obtained
from two to eight weeks after completing the last series
of injections. The rats used in these experiments
weighed from 229 to 513 g at the time the studies were
raa1
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performed. All animals were weighed two or three
times per week after completion of the injection series.
Sodium balance studies were performed in 14 rats
maintained in metabolic cages. These animals were
fed a sodium deficient diet containing 0.35 mEq of
sodium per 100 g of food and were allowed free access
to water. They consumed 8 to 16 g of this food per day
(i.e., less than 0.1 mEq of Na/day). For the per-
formance of balance studies, the requisite amount of
sodium chloride was administered by gastric tube in
the form of a 200 mEq/Iiter NaCI solution. Six rats
received 0.5 mEq of sodium per 100 g of body weight
per day for four to seven days. Eight rats received
only the basic low sodium diet for three days, following
which the sodium intake was increased to 1.5 mEq/100
g of body weight per day for an additional four days.
Twenty-four hour urine samples were collected daily
under oil and the animals were weighed daily during
the performance of the balance studies.
In six rats, clearance studies alone were performed
on unanesthetized animals which had been maintained
on an ad lib diet of commerical rat chow (Purina).
The majority of the studies, however, were performed
during the course of micropuncture experiments while
the rats were anesthetized with mactin. Twenty-one
rats (Table 2) were prepared for micropuncture in a
Fig. 2. A, Low power photomicrograph of
severely involved kidney showing a spec-
trum of glomerular involvement. Some
glomeruli are virtually obliterated, and
fibrous crescents surround many gb-
merular tufts. Proteinaceous casts fill
many tubular lumina (hematoxyliri-
eosin, x 55). B, High power view of a
glomerulus demonstrating capillary wa/l
thickening, moderate sclerosis and exten-
sive jibrocellular crescent (hematoxylin-
eosin, x 260).
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standard fashion with the left kidney exposed via a
small lateral subcostal incision. Random samples of
proximal tubular fluid were obtained from nephrons
which had been blocked with a column of light
mineral oil stained with Sudan black. The length of the
oil column was equal to three to four tubular diameters.
The rate of collection was timed and adjusted so as to
maintain the oil column in a relatively constant
position. Both ureters were canulated with a 1- to
2-cm length of PE #10 tubing attached to a 9- to 11-cm
length of PE #50 tubing. Infusions were administered
through a PE #50 catheter placed in a jugular vein.
Blood samples were obtained from an indwelling
PE #10 catheter in the femoral artery and mean blood
pressure was measured at 30- to 40-mm intervals using
a mercury manometer. The animals received 40 iCi of
'4C-inulin in 1 ml of isotonic saline as a priming dose.
The sustaining solution contained 300 iCi of 14C-
inulin in 25 ml of isotonic saline and was infused at a
rate of 0.045 mI/mm. A 45-mm equilibration period
was allowed before measurements were begun. These
preparations yielded TF/P inulin and SNGFR values
for 12 of these 21 rats; puncture sites were identifiable
in 11 of the 12. All 12 of the rats in which SNGFR and
tubular fluid/plasma (TF/P) inulin values were
measured had previously been employed in the
aforementioned balance studies.
We noted that proximal tubular transit times,
measured using the lissamine green injection tech-
nique, were prolonged in several of the animals in
which SNGFR's were subsequently measured. How-
ever, an intravenous dose of 30 to 40 1 of a 10%
solution of this dye, which we have employed in
normal rats, did not produce a sharp enough change
in color in superficial nephrons of glomerulonephritic
rats to allow accurate determination of transit times.
Table 1. Clearance values in unanesthetized restrained ratsa
Therefore, in nine experiments 10 to 20 d of a 10%
solution of the dye was administered into the aorta
above the renal arteries through an indwelling PE #10
polyethylene catheter which had been inserted through
the left carotid artery. When the latter procedure was
tested in normal rats, the values for proximal tubular
transit times were identical to those obtained with the
standard technique.
The clearance of '4C-inulin was used to measure
GFR and the clearance of para-aminohippurate
(PAH) was employed as an index of renal plasma flow.
PAH was measured by the method of Smith et al [7].
Sodium and potassium were measured using a flame
photometer (Instrumentation Laboratories #143).
Standard statistical procedures were employed in
analyzing the data.
Results
Considerable variation in glomerular morphology
was observed between animals as well as in individual
kidneys. Kidneys with less severe lesions (Fig. 1, A and
B) tended to have predominantly glomerular capillary
wall thickening, although some proliferation of
epithelial cells was also noted. In general, these rats
had higher GFR's and a more uniform histologic
picture than animals with more severe lesions. Kidneys
in rats with more severe lesions showed glomerular
proliferation, glomerulosclerosis, periglomerular fibro-
sis and extensive interstitial involvement (Fig. 2, A and
B). Even in this group, however, some glomeruli had
relatively little pathologic involvement. Immuno-
fluorescent staining revealed a pattern that was linear
in nature regardless of the severity of the lesion.
Clearance studies. The results of clearance measure-
ments in the six animals studied in the unanesthetized
state are shown in Table 1. The GFR averaged 0.43
and 0.45 mI/mm in the right and left kidneys, respec-
•00
00.
0
No. Weight,
g
C, mi/mm
R L
Filtration
fraction
R L
FE Nab
R L
1 248 0.43 0.44 0.17 0.17 — —
2 253 0.49 0.52 0.31 0.21 — —
3 230 0.48 0.47 0.22 0.25 1.23 0.46
4 282 0.80 0.88 0.33 0.33 0.38 0.47
5 248 0.25 0.25 0.24 0.25 0.23 0.60
6 225 0.11 0.12 0.35 0.38 0.82 1.68
Mean 248 0.43 0.45 0.27 0.27 0.67 0.80
SEM 8.2 0.10 0.11 0.03 0.03 0.23 0.29
a Clearance values are the mean of three to four periods.
b FE Na = fractional excretion of sodium.
Day
1 2 3 4 5 6 7 8
Fig. 3. Sodium balance in a representative rat with experimental
glomerulonephritis. GFR was 1.40 mI/mm. Na intake was
initially close to zero, and for days 5 to 8 was 3.6 mEq/day.
E = intake; = output; o—o= body weight curve.
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tively. The mean values for filtration fraction were
identical (0.27) in the right vs. left kidneys. Fractional
sodium excretion rates were measured in the in-
dividual kidneys of four of the animals, and for the
group, there was no significant difference between the
right and left kidneys.
The results of clearance measurements in 21 animals
studied in the anesthetized state are shown in Table 2.
The GFR was measured in the right and left kidneys
separately and values for GFR ranged from 0.14 to
1.25 ml/min/kidney. A close correspondence existed
between the values for the two kidneys in each of the
animals, and the mean values for the group were
0.50 ml/min for the right and 0.45 mi/mm for the left
kidneys. The weights of the individual kidneys also
were closely comparable. The kidneys were enlarged,
averaging 11.3 g/kg of body wt as compared to the
value of 8 g/kg of body wt taken by Smith to be an
average value for normal white laboratory rats [8].
Thus, the decrement in GFR in these rats is more
marked when considered in terms of kidney weight.
Filtration fractions were measured in the separate
kidneys of six animals and no significant difference
existed between the two sets of kidneys. Fractional
excretion of sodium was measured bilaterally in 11
animals and the values also were closely comparable
between the two kidneys. Absolute sodium excretion
averaged 0.36 Eq/min so that the rats would have
gained 1.0 to 1.2 mEq of sodium during a three-hour
experiment if sodium losses due to surgery and blood
sampling are discounted.
Balance studies. When the rats were maintained on
an ad lib diet of commercial rat chow, they maintained
their body weights and did not become edematous in
spite of serum protein concentrations which averaged
4.49 0.28 g/100 ml and serum albumin concentrations
which were below 2.0 g/100 ml.
Sodium excretion was measured in eight rats which
were maintained on the basic sodium-deficient diet.
Table 2. Clearance values during anesthetization with Inactina
No. Weight, g Kidney
weight, g
Blood
pressure,
C1, mi/mm Filtrationfraction
FE Nab
mmHg
R L R L R L R L
1 385 — 136 0.25 0.21 — 0.24 0.46
2 391 3,15 3.40 112 0.16 0.14 0.47 0.58
3 491 3.10 2.90 111 0.64 0.52 — — 0.12 0.11
4 513 3.60 3.40 175 1.19 1.25 —- 0.70 0.68
5 237 1.09 1.07 158 0.71 0.62 — 0.05 0.12
6 250 1.22 1.47 123 0.48 0.50 — — 0.07 0.15
7 267 1.17 1.10 138 0.53 0.54 — — 0.04 0.05
8 272 — 1.80 145 — 0.15 — — — 0.83
9 240 1.26 1.27 152 0.23 0.26 — 0.07 0.23
10 455 2.25 2.76 137 0.83 0.65 — — 0.06 0.05
11 262 1.37 1.39 138 0.67 0.73 — — 0.19 0.10
12 250 1.32 1.38 135 0.33 0.30 — 0.15 0.13
13 225 1.31 1.35 126 0.66 0.60 - — — —
14 246 1.31 1.37 118 0.49 0.40 0.26 0.25 —
15 269 1.08 1.17 135 0.75 0.77 0.31 0.33 — —
16 236 1.09 1.13 113 0.29 0.33 0.33 0.20 — —
17 229 1.30 1.19 110 0.42 0.35 — — — —
18 237 1.62 1.52 124 0.25 0.27 — — — —
19 256 1.16 1.24 128 0.41 0.39 0.18 0.20 — —
20 256 1.19 1.47 128 0.45 0.32 0.25 0.26 —
21 250 1.41 1.52 108 0.27 0.25 0.36 0.31 —- —
Mean 296 1.64 1.70 131 0.50 0.45 0.26 0.27 0.20 0.29
SEM 20 0.18 0.17 4 0.06 0.06 0.03 0.02 0.06 0.08
a Clearance values are the mean of two to three periods.
b FE Na= fractional excretion of sodium.
6.0
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Day
Fig. 4. Sodium balance in a representative rat with experimental
glomerulonephritis. This animal's GFR was 1.34 mI/mm. It
received 2.5 mEq of Na/day. E=intake; r=output;
=body weight curve.
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Fig. 5. Distribution of superficial nephron GFR in 12 rats with
glomerulonep hr it is.
10 20 30 40 so
% of proximal tubular length
Fig. 7. Fractional fluid reabsorption in the proximal tubule of rats
which had a GFR of less than I mi/mm. Points obtained from the
same rats are represented by the same symbol. y=0.02x+0.8.
These data were obtained in the same experiments used to con-
struct Fig. 6.
10 20 30 40 50 60
% of proximal tubular length
Fig. 8. Fractional fluid reabsorption in the proximal tubule of rats
which had a GFR of greater than I mi/mm. Points obtained from
the same rats are represented by the same symbol. y=0.Olx+
1.16. These data were obtained in the same experiments used to
construct Fig. 6.
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Sodium excretion averaged 0.68 0.12 mEq/day and,
although this value is slightly in excess of the estimated
amount of sodium ingested, body weights did not
change over the four-day period of observation. The
same rats then were fed a sodium intake of 4.05 0.15
mEq/day, whereupon their average rate of excretion
rose to 4.44 0.25 mEq/day. The intake and excretion
values are not significantly different. Fig. 3 depicts the
results of a balance study in one of these rats which
received the low salt diet for three days, followed by an
increased salt intake for four days. The GFR in this
animal was reduced by approximately 50%. A slight
a0
a-
.0
a..
a
U
a-U
a.
Ct
weight loss occurred during the first phase, but during
the second, the weight remained stable despite an
apparent slight negative sodium balance. Two ad-
ditional rats in which GFR appeared to be markedly
decreased developed positive sodium balance on the
high salt intake.
Six additional rats were subjected to a sodium in-
take of approximately 2 mEq/day (0.5 mEq/100 g of
body wt/day) and balance studies were performed.
Results in a representative rat from this group are
illustrated in Fig. 4. The GFR in this rat also was
reduced by approximately 50%. On this level of
sodium intake, rats with filtration rates which were
4.0
3.0
a
Fig. 6. Relationship between superficial nephron GFR and total
GFR in rats with glomerulonephritis. The values inside the bars
represent the range of total GFR in each group. Means and
SEM are denoted.
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decreased by as much as 90% were able to maintain
external sodium balance.
Micropuncture studies. Values for single nephron
glomerular filtration rate (SNGFR) were measured in
77 superficial cortical nephrons in 12 glomerulo-
nephritic rats. The data are shown in Fig. 5. In 55
nephrons, values for SNGFR were less than 30 nl/min;
the remaining 22 values ranged from 30 to 78 nl/min.
The overall range is considerably greater than that
seen in normal rats with normal GFR.
In Fig. 6, SNGFR is correlated with total kidney
GFR. The relationship is a direct one such that the
lower the total kidney GFR, the lower the values for
SNGFR. Animals with total GFR's between 0.3 and
0.63 ml/min had mean SNGFR values of 20.3 3.1
ni/mm. Rats with total kidney GFR's between 0.98
and 1.21 ml/min had SNGFR values averaging
23.9 1.8 ni/mm. Finally, rats with total GFR values
ranging from 1.4 to 2.44 mi/mm had a mean value for
SNGFR of 35.6 3.6 nl/min. The latter value is
comparable to that obtained in our laboratory in
normal rats.
Random superficial proximal tubular samples for
measurement of tubular fluid to plasma (TF/P)
inulin were collected without regard to whether the
segment punctured was early or late proximal tubule.
Latex injections were performed in 11 of these 12
animals to allow for identification of the puncture
site. The rats were divided into two groups on the
basis of their overall GFR's. In Fig. 7, TF/P inulin
ratios are plotted as a function of proximal tubular
length in six animals which had a total (i.e., bilateral)
inulin clearance of less than 1 mi/mm. The mean
TF/P inulin value for the middle one-third of the
proximal tubule was 1.75±0.13. A similar plot is
shown in Fig. 8 for five animals in which total GFR
was greater than 1 mI/mm. The mean TF/P inulin
value for the middle one-third of the proximal tubule
in this group was 1.73 The slopes of the
regression line through the two sets of points are
slightly, although not significantly different. However,
for both groups, the scatter of the values along the
length of the proximal tubule is considerably less than
the scatter of values for SNGFR.
Fig. 9 depicts the relationship between GFR and
proximal tubular transit time in 11 normal rats and in
9 rats with glomerulonephritis. Proximal transit time
in the normal animals averaged 10.2±0.11 seconds,
with a range of 9.7 to 10.9 seconds. Proximal transit
times in glomerulonephritic rats were prolonged,
averaging 15.7 seconds with a range of 13.9 to
20.7 seconds. The prolongation of proximal tubular
transit time was greatest in the animals with lower
GFR's. Transit times measured from the last visible
portion of superficial proximal tubules to early distal
tubules ("loop" transit times) were also prolonged in
the glomerulonephritic rats, averaging 61.9± 5.3
seconds compared to an average value of 25.6 1.1
seconds in the normal rats.
Discussion
The view that the chronically diseased kidney may
be regarded as an organ whose constituent nephrons
continue to respond to homeostatic demands in an
organized and appropriate manner [1] has gained
considerable support during the last decade. Much of
the functional profile of the chronically diseased
kidney has been constructed on the basis of studies
conducted in animal models in which the experimental
lesion is focal in nature [5, 9, 10, 11]. It appears, how-
ever, that the majority of patients with chronic renal
disease suffer from diffuse rather than focal lesions
[2]. The present studies were designed to examine
functional aspects of an animal model with chronic
renal disease due to a diffuse lesion, progressive
glomerulonephritis. The lesion was characterized
histologically by a variable mixture of proliferative
and membranous changes and by a linear pattern of
staining with fluorscein-tagged antibodies to gb-
merular basement membrane. A prominent histologic
feature in this model was the presence of considerable
diversity of involvement among the constituent
glomeruli of any kidney. However, despite the
difference in the degree of anatomic involvement,
and the wide spread in SNGFR and tubular transit
times, kidneys of individual rats and the constituent
nephrons of individual kidneys presented a relatively
homogenous profile with respect to glomerulotubular
balance. Thus, when clearance ratios were compared
1.2
1.0
0.8
0.6
O.4U
0.2
0
6'o
8 10 12 14 16 18 20
Proximal tubular transit time, seconds
Fig. 9. Proximal tubular transit times in normal rats (0) and
glornerulonephritic rats () in relationship to GFR. Each point
represents the mean of three to five determinations in five to
seven separate tubules of the same animal. Ci,, values are for the
left kidney only.
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between right and left kidneys of the same rats, values
for filtration fractions and fractional sodium excretions
were not statistically different for group data and in
many animals, bilateral values were closely compar-
able. Equality of clearance ratios between the two kid-
neys of the same animal establishes explicitly the fact
that the relationship between a given tubular function
(e.g., sodium reabsorption) and GFR is the same in the
functioning nephrons of the separate organs [1]. This
relationship has been emphasized most frequently in
animals with unilateral renal disease [15]. However, we
believe it has equal significance in animals with bilat-
eral renal disease where a spectrum of pathologic
changes exist in each kidney. Thus, we would infer
that animals with a diffuse lesion exhibit a range of
SNGFR's in each kidney, and that equal clearance
ratios reflect glomerulotubular balance among these
nephrons. For example, if a nephron with an SNGFR
of 10 has a value for some "tubular function" of 1, a
nephron with an SNGFR of 20 will have a "tubular
function" value of 2, etc., making for equal composite
values in the two kidneys. At the individual nephron
level, fractional water reabsorption in relation to proxi-
mal tubular length showed a dispersion which was lim-
ited when compared to the wide spread in values for
SNGFR. When differences in plasma protein con-
centration and fractional sodium excretions between
animals are considered, it is apparent that an im-
pressive degree of homogeneity of glomerulotubular
balance was present in this glomerulopathy. This view
is further strengthened by the observation that glucose
titration curves in rats with this lesion show no
increase in splay and are virtually identical to curves
obtained in normal rats [13].
The ability of these rats to maintain sodium balance
on an ordinary salt intake is of considerable interest.
It occurred despite the presence of hypoproteinemia
and hypoalbuminemia. In experimental pyelonephritis
and partial renal infarction, sodium balance on this
kind of intake is also maintained. At equivalent total
GFR's, and equivalent salt intakes, fractional salt
excretion in both the present glomerular model and in
previously studied nonglomerular lesions must be the
same. However, because of the decrease in SNGFR in
the glomerulopathy model, the filtered load of sodium
per nephron is decreased, whereas filtered sodium
load per nephron is regularly increased in non-
glomerular models [4]. It follows, therefore, that
absolute sodium excretion per nephron must be less in
the glomerulonephritic model of chronic renal disease
than in the nonglomerular models which previously
have been studied. Net sodium excretion is the same in
both models but there are more nephrons contributing
to urine formation in the glomerular lesion than in
pyelonephritic or remnant kidneys with the same total
GFR. Thus, if the mean total GFR in the three groups
shown in Fig. 6 is divided by their respective mean
values for superficial nephron GFR, a rough estimate
of the number of nephrons contributing to function
is obtained. The values 21,700, 47,000 and 50,000
are directly proportional to total GFR and the
calculated number of nephrons is similar to values
obtained using a glomerular count technique [12, 13].
One question which remains unanswered is the
degree to which the present model is representative of
chronic glomerulonephritis in man. It is possible, for
example, that our model may be more closely analo-
gous to rapidly progressive glomerulonephritis. Both
a decrease and a wide spread in nephron filtration
rate would be expected to be prominent in the latter
condition. It is apparent, however, that the overall
functional organization demonstrated in this model is
impressive. Similar relationships appear to obtain in
other models [14, 15]. Like nonglomerular models
previously studied, the functional profile in this
glomerulopathy appears to be organized for the
maintenance of homeostasis.
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